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Abstract

The anomalies are deviations in the system parameters or service characteristics initiating
the changes in the technical and operational characteristics and finally generate decreasing
of the prescribed or designed working quality of system.

The general lecture deals with the basic elements of the theory of system anomalies,
describes the mean problems of theory and shows the recommended models for valuation
of anomalies effects on system characteristics. The system anomalies play an important
role in accuracy and dynamics of control systems. In many cases they can be modelled
as the additive errors in the output characteristics (motion variables) measured and used
as feedback signals. Some specific problems of application of system anomalies theory to
the aircraft control systems are discussed in the second part of the paper.

Keywords: aircraft control systems, system anomalies.

1. Introduction

The parameters of the large systems like aircraft are scattering near their
prescribed nominal levels. During operation of the systems these devia-
tions in the characteristics are changing stochastically, mostly in cumulative
way. According to our experiences gained in practice, the system parameter
deviations [1, 2] can achieve 4 — 10% relatively to their nominal levels.

The system parameter deviations involve the changes in aerodynamic
characteristics, performance data and characteristics of stability and con-
trollability. The deviations in the system parameters are greater then which
could be obtained by normal control methods which do not generate the
failures or standstills of given systems can be called system anomalies. The
investigation of these parameter deviations and their effects on system char-
acteristics is an actual new theoretical and practical problem.
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Fig. 1. Representation of system control

2. System Anomalies

The system can be given by its system parameters. The parameters describ-
ing the structure and geometrical characteristics can be called as construc-
tional parameters. The parameters representing the operational process of
the given system are the operational parameters.

The parameters of large systems, i.e. real constructional-technical

characteristics of aircraft and its systems are scattered to a great extent
in the neighbourhood of the rated values prescribed in technical documen-
tation. During the operation the deviations mentioned above continue to
increase stochastically mostly in a cumulative way as a function of [1, 2]:

the physical-technical peculiarities of the structural material applied,
the peculiarities of their design and manufacture,

the technical and economical condition of operation, and

the intensity of operation.

These deviations in parameters can be divided into three parts [3]:

the parameter uncertainties, which can be obtained by some specific
methods of control, i.e. robust control,

the anomalies, which are greater deviations than uncertainties but
they do not generate the failures or standstill of systems,

errors, namely deviations in characteristics coming out of their
prescribed tolerance zones and generating the failures and standstills
of systems.
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solution
S(x,p.z,u)

Fig. 2. Aircraft control in general case

Generally, the errors are investigated by reliability theory and risk
analysis very well [4, 5]. The small disturbance in parameters, e.g. parame-
ter uncertainties, are investigated very well, too [6]. The robust control gives
possibilities to manage with uncertainties. But the influences of system pa-
rameter anomalies on the system characteristics have not been studied yet
on the level needed. The investigation of the aircraft system parameter
anomalies on real flight situations, on risk of flight operation and on the
control quality is one of the most actual problem of aeronautical sciences.

The changes in the system parameters naturally involve also the chan-
ges in system characteristics, in our case the deviations in aerodynamic,
flight engineering and flight safety characteristics. Therefore these anomalies
and their effects on the system characteristics should be investigated in
details. For this aim we recommend to develop the system anomalies theory.

The theory of anomalies deals with system anomalies and their effects
on the system dynamics. It should determine the methods of description



6 J. ROHACS

| environment and misﬂ

Fig. 8. System anomalies control

0.06

0.04- E

0.02} ) E

control

-0.02} 1 E

0.04} ‘ -

-0.08; 5 10 15 20 25 30 35 40 45 50

time
Fig. 4. Aileron deflection input (1) and the modelled anomaly in the rolling
moment (2)

of anomalies, the mean tasks of theory and the methods of solving the
problems. .

Generally, the deviations in the structural, operational and service
characteristics can reach and even exceed the tolerance limits essentially
in three different ways [3]. In first case the system anomalies take place
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Fig. 5. The response of the system with a simple feedback (a) and the system

with the robust feedback controller (b) on the aileron deflection input.
(— slideslip angle, — — — roll rate, - - - yaw rate, — - — roll angle)

under influence of sudden loads greater than which was taken into account
during design. In second case characteristics are changing gradually and
reaching the tolerance range in a predictable way. In the third case the
tolerance range becomes restricted for some other reason, e.g. by effect of
other anomalies or errors, and the excess of the tolerance range can occur
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Fig. 6. Effect of anomaly in the rolling moment in case of initial system (a), system
with simple feedback (b) and system with robust feedback controller (c).
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Fig. 7. The effect of decreasing in state matrix element A(2,2) of initial system
with simple feedback (a), and system with robust feedback controller (b)
on the response 1n case of aileron deflection only

even under the influence of otherwise normal design loads.

The system anomalies formed in the described way can be called as
sudden, gradual (or parametric) and relaxation anomalies. Consequently,
the probability of the dwelling of the characteristics within the tolerance



10 J. ROHACS

0.04

0.02} 1 7

-0.02 E

004f 1

yaw angle

008F )

-0‘10 S 10 15 20 25 30 35 40 45 50

g

Fig. 8. Yaw angle changes in response of sylsrggm with simple feedback (1) and
system with robust feedback controller (2) in case of system anomaly in
rolling moment

range can be given according reliability theory with the help of exponential,
normal and two-parameter exponential laws.

On the other hand the system anomalies can be classified as multiplica-
tive (), delay-time () and additive (83) deviations in the parameters and
they can be taken into account in the mathematical normalisation by fol-
lowing way:

P= (1+/61)pn(t_;82)+/631 (1)

where p,, is the initial (nominal) values vector of parameters and the random
coefficients 8 depend on the realised control and real operational situations
(flight situations).

3. General Model

When examining the dynamics or technical condition of complicated systems
like aircraft, it seems to be describable easily for an engineer if the variation
of its state vector x chosen appropriately is expressed as follows

x = F(x,u,t), (2)

where u is a control vector. .
In reality the controlled dynamics of the systems can be investigated
on the basis of much more complicated picture shown on Fig. 1.
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In fact, the variation of state vector x is influenced by the variation in
the instantaneous values of a number of factors (service conditions, methods
of maintenance and repair applied, the realised management, the character-
istics of the flight, the atmospheric conditions, etc.). These influences can
be given in terms of stochastic processes, random variables or random space
(turbulence of atmosphere). Moreover, state vector x cannot generally be
measured directly. Instead, some output signal vector y can be measured.
Consequently, the controlled motion of the aircraft or their technical con-
ditions, their dynamics can be described only by a much more complicated
model than in (2), namely by the following general set of stochastic differ-
ential equations [3]:

dx = fi[x(t),x(t — 7z), p(X,2,w, i, t),z(p,t), u(t),w, p, t]dt +
+0:(X, P, Z,w, i, t)dW,
y = fy[x(t),x(t—Ty),p(x,z,w,y,t),z(u,t),u(t),w,u,t]+

+Uy(x, p’ z"‘u’ﬂ’ t)E’ (3)
u(t) = fu[x(t)’x(t_Tu)?p(x7y1w’lu'7t)7z(/‘['7t)’u(t),w7/‘t7t]7
x(t=to) = xo(t=1to,wo, o),

Y(t = to) = yO(t = t07w07ll’0) )

where x € R™ is the state vector, p € R* is the parameter vector char-
acterising the state of the aircraft, z € R! is the vector of environmental
characteristics (vector of service conditions), u € R™ is the input (control)
vector, y € R is the output (measurable) signal vector W € R® and £ € R?
are the noise vectors (in simplified case the Wiener and Gaussian noise vec-
tors, respectively), o, o, are the noise transfer matrices, w and p are the
random variables assigning the position of vectors p and z within admissible
space 2, €, described by density functions f,(-), f:(-), ¢ is the time, and
Tz, Ty, Ty are the time-delay vectors.

In general case, the aim of aircraft operation is to use the aircraft for
their primary purposes (transport the passengers) to maximum time with
minimum specific (related to the unit time of operation) life-cycle-cost at
prescribed level of safety and reliability. It can be seen that the knowledge of
the changes in the operational and structural characteristics is indispensably
required for controlling the service and operational process of this kind.

The realising of this kind of aircraft control can be based on the prin-
ciple shown on Fig. 2. The system parameters p are changing under the
real environmental conditions z real flight situation and technical works,
e.g. control u realised on aircraft and generate the given realisation of state
- vector x. The state realisations, of course, depend on the system parameters
and real environmental conditions, too. The measurable input vector y de-
pends on these system parameter deviations, real environmental conditions
and real state change realisations. As it can be understood, the real sys-
tem parameter, environmental characteristic and state vectors are mapped
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by solution on the solution space into S(x, p,z,u). From the other hand
the system parameters and states can be estimated on basis of measured y.
(The difference in the solution guided by real processes and result of identi-
fication can generate the systematic anomalies in the constructed system.)
The estimated solution $(x, p) should be applied [7] to synthesis of control
u having the two levels. The first is the operative control or state control
(real control on the board) and the second is control of system parameter
deviations (technical maintenance and repair include the regulation of sys-
tem parameters). Connection between these two levels should be realised
through the fault and failure detection.

Set of Eq. (3) can be given also in a very simplified time-invariant
linearized uncertain system form

x(t) = A(w,t)x(t) + B(w,t)u(t) + H(y, t)z(t) +
+Anz(x7 u,w, t) + G:v(Vy t)T](t) 3 (4)
y(t) = C(w,t)x(t) + D(w,t)u(t) + Gy (v, t)E(t) + Any(x, u,w,t),

where A, B, H, C and D are the state, control, environmental, output and
input influence matrices of n X n, n x m, n x I, r x m and r X m dimensions,
respectively; G, Gy are the noise transfer matrices,  and £ are the noise
vectors, w and v are the random values determining the deviations in the
matrix elements. The stochastic time-varying vectors A,;, A,y include the
effects of system anomalies depending on the real flight situations initiated
by realised control.

In a simple case, for the first approximation the linearized model with
system anomalies can be given in following form:

x(t) = A(w,t)x(t)+ B(w,t)u(t) + Ape(w,t),
y(#) = Clw,t)x(). (5)

4. Description of the System Anomalies Effects

In consideration of types of anomalies described in part titled system ano-
malies, the general model in simplified case can be rewritten in form of
multivariable perturbed linear system with time-delay and additive system
anomalies:

x(t) = (A+AA)x()+ (Ag+AAYx(t— 7a) + An+ (B+ AB)u(?),
| (6)
y(t) = (C+AC)x(t)+ (D+ AD)u(t) + Hy, ,

where the AA, AAy, A,, AB, AC, AD and H,, represent the uncertainties
and anomalies.
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In set of Fgs (6) the AA, AAy, AB, AC and AD contain the changes
in the partial derivatives of vector functions f; and f, of model (3) respec-
tively to state and control vector elements. So, they take into account the
changes in gradient of these functions only. They are the multiplicative
anomalies.

The A, and H,, are the additive anomalies in the state and measure-
ment characteristics.

The effects of the system anomalies can be given by the following type
of probabilities [1]: : :

P{y(t) e Qlto<t<to+7, x€ Qs ey, 2€Q, pEQ},
(7)
PZ{u(t)eQuItOStStO+77XEQm ZEQZa perv yEQy};

where the admissible vectorial fields of characteristics are given by Q.
If joint density function

fe = fTx(8), u(?),2(t), p(t), ¥ (¢)] (8)

is known, then the recommended characteristics (7) can be calculated as
follows:

[ fsdxdudzdpdy

Q t € X,u,2,p,
Pl{y(t) € le "t } = +oco g] € x,u, Z7l;)y)
[ dy [ fxdxdudzdp
—~00 Q;

(9)

(i_ E x’ u) Z’ p’ Y)
(j €x,2,p,¥)

[ fzrdxdudzdpdy
Q;

Pu(t) € Qul...} = —
[ du [ fxdxdzdpdy

—00 Q;

5. Problems and Control of System Anomalies

The problems of theory of system anomalies can be classified as the mean
tasks of given theory:

e initial task — investigation of the structural and operational character-
istics, signalization of the anomalies and the statistical description of
the anomalies,

e direct task — study the effects of system parameter anomalies on the
aerodynamics, flight mechanics, controllability and stability,
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e inverse task (synthesis) — determining of the bounds for the system
parameters from the given bounds (admissible field) of operational
characteristics, e.g. flight safety, quality of manoeuvres, controllabil-
ity,

e basic task — create the control for the system with anomalies,

e complementary task — determining the basic-and additional 1nforma—
tion for solving the different problems connected with system anoma-
lies, e.g. model- formation, optimal control, identification, etc.

The initial task can be solved by application of theory of measurement,
statistics and stochastic approximation. The direct and the inverse tasks are
based on the theory of flight and on using the sensitivity theory.”

The basic task is the completely new task. The mean idea is the change
of the goal of operation. The new goal is using the aircraft to maximum time
with specific life cost expenditure under predefined service condition with
keeping the system parameters in the prescribed tolerance zones. Therefore
we should define the control of anomalies. The technical condition of aircraft
can be controlled on two different levels [7]. At first, we can use the pilot or
automatic control of aircraft in case if the motion characteristics are different
from given values. In this case the control should be realised on the board of
aircraft. Secondary, on the basis of state or parameter estimation results we
can use some technical methods of operation (e.g. methods of maintenance
or repair) for replacing the nominal system parameters. The connection
between these two different levels of control is the fault or error detection -
(Fig. 3).

The complementary task should be solved through the application of
the different theories like state and parameter estimation, theory of
diagnosis, etc.

6. Control System Anomalies

We have a long period experience on the investigation of deviations in the
structural (e.g. geometrical) characteristics of supersonic fighter and middle-
size passenger aircraft [1, 2]. For example, we found the permanent deforma-
tion, e.g. permanent deviations in the geometrical characteristics of wings
of fighters MiG-21 generated by micro motion of wing elements under big
loads. The extent and form of these anomalies depend on the duty of the
airplanes to be carried out, on the flying hours, on the circumstances of op-
eration, on the technique of piloting the airplane (especially on the landing
mode of operation) and on man’s physiological characteristics. According
to our experlence the geometrical characteristic deviations of wings generate
the changes in the zero-lift angles, relative cambers and asymmetry in the
rolling direction.
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These types of characteristic deviations generate the deviations in the
aerodynamic characteristics and performance data and cause the problem
in the flight stabilising, especially during flight test. The asymmetry in the
deformations of right and left hand wings can be modelled as the additive
errors in the measuring of the roll angle, A¢,,. This error in measurement
is the element of the measurement anomalies vector H,,.

In simple case, if the model can be written as follows

x(t) = Ax(t)+Bu(t),

(10)
y(t) = Cx(t)+H,,,
and the control given as feedback control
u(t) = —Ky(t) = ~K(Cx(t) + Hn) (11)

then the close loop dynamics can be described by following equation:
x(t) = Ax(t) — B[K(Cx(t) + Hm)] = Ax(t) - BKCx(t) - BKH,, =
= (A - BKC)x(t) - BKH,, . (12)

Here the BKH,, represents the additive anomaly in state characteristics.
So, the deviation in the structural characteristics can be modelled as the
additive anomaly in the state characteristics or as the measurement error in
the system input. _ _

During our investigation of system anomalies, there were investigated
different types of anomalies on the lateral feedback stabilising system. The
nonlinearities and the time-delays are investigated very well in the theory of
aerodynamics and flight mechanics. The nonlinearities should be taken into
account only on the flight near the operational limits, for example at high
angle of attack [8]. The third type of anomalies, the additive anomalies like
rolling moment at zero roll angle caused by asymmetry in wing geometry
could be more interesting for study.

There was investigated a lateral disturbed motion of the middle-size
supersonic fighter at high subsonic speed equal to Mach number 0.9 flying
on the altitude more than 10 km. The system of equation and the values of
matrix elements were the following [9, 10]:

x(t) = Ax(t)+Bu(t)+ A,,
y(t) = Cx(t)+Du(),

B = slideslip angle
- f - r(;l‘}vr;m;fe u=— 8, = aileron deflection
- é _ iloll angle ! - d, = rudder deflection |’
Y =

yaw angle
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-98 0 —-0.995 035 0 0 0.185

-18.9 -1.23 1.6 0 0 -34.7 5.07

A= 279 -03 -0263 0 0|, B=| -3.8 -144
0 1 0 0 0 0 0
0 0 1 0 0 0 0

Here C is a unit D is a zero matrices.

The control was realised as shown in Fig. 4. On this figure anomaly
generated in the rolling moment is shown, too.

The control was realised by feedback control (11). The simple feedback
was determined by applicating the optimal linear quadratic problem to the
initial system [10]. The other feedback system was designed as the robust
feedback controller based on the LQR/LTR algorithm. The feedback matrix
was determined application of the software MATLAB.

There are some interesting results of investigation demonstrated on
the Figures. The input, e.g. aileron deflection and the modelled anomaly in
the rolling moment are shown in the Fig. 4. The difference in the systems
and their response on the aileron deflection input in case of simple feedback
and robust feedback controller can be checked from Fig. 5. The effects of
additive system anomalies like rolling moment at zero roll angle are shown
in Fig. 6. The influences of deviation in the state matrix element A(2,2)
are represented by Fig. 7.

At last on the Fig. 8 the interesting effect of additive system anoma-
lies is demonstrated, when the robust feedback controller application has a
greater final error than the simple feedback system. In addition to them the
final errors in controlled systems have the different signs.

7. Summa

The aim of this paper was to draw the attention to a new theoretical and
practical problem caused by operational life-dependent, stochastic changes
in the structural and operational characteristics of aircraft systems. These
deviations in the characteristics can be called as system anomalies, if they
are greater then could be covered in an easy way by modern methods of
control and they do not involve the failures or standstills of given systems.

The process of deviations in system characteristics should be controlled
in two levels by optimal design of aircraft operational processes including
the maintenance and repair and by operative, on-board control systems,
including adaptivity and robustness.

For general investigation of given problems we offer to develop the
theory of system anomalies. In this paper the elements of the mentioned
theory were described and concrete recommendations were offered for pos-
sibly available models for description of system anomalies and their effects
on the system characteristics.
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The developed system anomalies theory was applied to aircraft control

systems. In case of automatic control the system anomalies can be taken into
account as the deviations in output (motion variables) of systems measured
for feedback input. Finally some effects of anomalies on the aircraft control
system were demonstrated by the results of investigation of stabilising the
aircraft lateral disturbed motion. '

(1]
(2]
(3]

4]
(5]

(6]
[7]
(8]
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Abstract

The aim of this work is investigation of the air forces and their moments acting on the
hang gliders. The hang gliders have elastic and flexible structure so the distribution of
the air forces is characterised by the shape of the sail surface and the sail surface is either
determined by the air force distribution. This research work is built on the theoretical
calculations and practical measurings. The results of this investigation can be applied
principally to flight mechanical calculations of the hang gliders.

Keywords: hang-glider, elastic deformation, load distribution.

1. Introduction

Well known that the hang-gliders have elastic and flexible structure. The
load distribution of the air forces is characterised by shape of the sail surface
and sail surface is also determined by the air forces distribution . The aim of
this work is investigation of the air forces and their moments as a function
of the load factor in steady case.

This research work is built on the theoretical calculations and practical
measurings. The vortex panel method for the profiles — completed with the
ground phenomena of fluid friction (given in [1] and [5]) and the advanced
vortex line theory for the finite wings [2],[5] was applied in the theoretical
part.

The measuring was executed on a concrete hang-glider type. During
it we measured the hang-force of the pilot and the bending moment of the
wing bar (near to the connecting point of the cross tube and the wing bar).

2. The Measurements and its Results

The measuring was executed during the flight on the third generation of
hang-gliders. The geometrical characteristics shown in Table I refer to the
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Table 1.
y h o
0 2.679 o+1.05

1.7 2333 a+1.92
2.555 1.843 o+42.62
341  1.642 o+2.62
416 1.469 ao+1.74
4.9 1.181 a—0.87
5.39 0 0

m]  [m] [deg]

normal flight state. Here the y is a spanwise coordinate, h is the chord
length and « is the angle of attack.

The normal flight state means that the resultant air force is equal to
the weight (G=940 N) and of course the load factor (n) is equal to one.

Distribution of the angle of attack is a very important function. In the
next calculations we will follow its varying. For determination the function
we used the method of the least squares. The distribution can be approxi-
mated by the next polynom:

a = a+bly|+ cly® + dly|>. (1)

The resultant air force is equal to weight. From this condition we can
determine the values of the polynom coefficients:

= 0.155000;
= 0.010025;
= 0.009457;
= — 0.00249.

As it is mentioned above the hang-force of the pilot and the bending
moment of the wing bar were registrated. The hang-force was translated in
a time by 0.998 seconds and its magnitude was transformated. One part of
the results along with the beam moment are shown on Fig. 1.

It can be established that the covering is suitable. During total mea-
suring time the correlation between two curves is 70.4%. It has been found
that the wing bar’s bending moment depends a lot on the hang-force. Nat-
urally the other parameters influence this moment too, but fundamentally
it is function of the hang-force.

Averaging some suitable intervals of the measurements we have found
only two pairs of values (the mean values of the hang-force and the bending
moment characterize the different flight states):

(940 N; 208 Nm)

(1756 N; 270 Nm)
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Fig. 1. Bending moment and hang-force

The first one is connected to the normal flight state when the load
factor (n) is equal to one. In the second one the load factor is 1.87.

Because of a quite short measuring time it was impossible to choose
much more steady considered pairs.

From the previous investigations [3] it can be declare that the maxi-

mum hang force is 2317 N with a confidence limit of 99.99%.
Presuming that the bending moment increases as a linear function

of the hang force (this assumption gives us higher safety) we will get the
maximum bending moment of 310 Nm. So safety coefficient of the braking

will be equal to 1.92 .

3. Theoretical Investigations

During the theoretical investigation the first step was parameter identifica-
tion for the steady flight state (940 N, 208 Nm).

The investigated hang-glider is built from similar profiles, only the
chord length and the angle of attack of profiles varies with the wing span,
as it is shown in Table 1. The profile characteristics are calculated by the
advanced vortex panel method [1]. The profile is represented in Fig. 2.

The calculated lift-, drag- and moment coefficient - as a function of

the angle of attack - are shown in Table 2.
It should be noted also that at the angle of attack about 8 degrees
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Fig. 2. Wing profile

Table 2.

o cr, cD Cm
—4 0.05 0.0247 -0.0573
0.279 0.0168 -0.0568
0.5 0.0129 —0.0559
0.726 0.0058 —0.0546
0.95 0.0135 -0.0530
1.174 0.0203 -0.0511
1.397 0.0315 —0.0488

[deg] [=] [-] [-]

J
0ok o

the separation has just begun, thus it gets us the upper limit of the profile
calculations.

In the ground load case (n=1) — for the given profile parameters — the
lift distribution of spanwise can be calculated by using method [2]. Thus the
lift coefficient for each profile of the wing would be found. With knowledge of
the lift coefficient the pressure distribution of the chordwise and the resulting
force of it can be calculated :

f= /pdA; where f=(f)F

and p - pressure distribution;
fe  — force component in {-direction;
fn  — force component in 7-direction;

AA - wing section surface. .
Assuming that the reaction forces at the leading and trailing edge are
tangential to the sail (the tangential direction is given in Fig. 2) the bending
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load distribution along the wing bar can be determined:
pwb = [0.3108 2.089]f

After double integration the result of the bending moment of the wing bar:
207.4 Nm. The measured bending moment tallies with the calculated one
excellently.

x A [deg)
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Fig. 3. Angle of attack distribution

The second step of this work is the investigation of the second measured
value pair in steady flight state (1756 N, 270 Nm). In calculation a, b, ¢
and d values were variated in such a way that the differences between the
resultant air force and the given hang-force as well as the calculated and
measured bending moment have to be small enough. The flight speed was
chosen in such a way that the a value has to be constant. After calculation

we have:
a = 0.155000;
b= 0.010025;
c= 0.006856;
d = —0.00249.

The third extrapolated state (2317 N, 310 Nm, n=2.46) was investi-
gated, too. This is a semi-empirical state. Applying a = const. condition
we will get the angle of attack’s distribution relatively far from the stall.
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Thus the coefficients are:

¢ = 0.15500;
b= 0.010025;
c= 0.008511;
d= —-0.00299.

Belonging to these three different cases the distribution of the angle of
attack is shown in Fig. 3.

" In favour of the comparison the a values are equal, thus all of the curves
have a common point: it is the angle of attack in the symmetry plane.

If the load factor increases then the distribution curve of the angle
of attack along the outer part of the wing relatively decreases. It can be
declared, too, that the wing by its own deformation reduces the loading on
the outer part of the wing.
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Fig. 4. Polar diagram
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In the invéstigated interval we can introduce the extension of the angle
of attack’s distribution:

o = a+ bly| + (0.0239 — 0.0208n + 0.063n%)|y|?

+(~0.00388 + 0.002247 — 0.0008537%)|y|>
1<n<246 (2)

By this formula we can calculate the distribution of the angle of attack for
a given hang-glider type.

4. Aerodynamical Characteristics

On the grounds of these calculations the aerodynamical properties for a
given hang-glider can be estimated as a function of the load factor namely
the lift coefficient, the drag coefficient and the moment coefficient. In Fig. 4
we can see the different polar curves. The first curve is given in [4]. (This is
an old approximation.) The second curve was calculated on the grounds of
the normal flight state and the third is the polar curve with the load factor
equal to 1.87. The polar curve for the load factor of 2.46 is practically the
same as the third curve.

The slope of the lift coefficient curve is practically constant. The ex-
pression of the lift coefficient of the hang-glider as a function of the load
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factor and the angle of attack is:
cr, = 0.08a+ 0.17 — 0.054n (3)

if 0 <a<0.244
and 0 <n <246

The change of the moment coefficient is the most significant and the most
interesting thing (see it in Fig. 5).

It is very important that the values of the angle of attack at the trim
position decrease with the increasing of the load factor. The moment coef-
ficient as a function of the load factor and of the angle of attack (at a given
CG position) is:

¢m = 0.0050c 4+ 0.05052 — 0.01052n (4)

if 0<a<0.244
and 0<n <246

This gives us an additional stability. Surely if the hang-glider flies at
the angle of attack about 8 degrees and if the disturbance increases the load
factor, we would have positive additional moment. This moment decreases
the angle of attack, thus the loading would be decreased.
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In Fig. 6 we are comparing the calculated moment coefficients with
the identified values of the moment coefficient which can be found in [3].
This curve is marked with ‘A’. We can establish a good correlation between
these two results. The slope of the mean values of curve ‘A’ is practically
identical with ‘n=1" or ‘n=2.46" curves. This property characterizes the
static stability of the given hang-glider. But a lot of individual points are
not between ‘n=1" and ‘n=2.46" curves, thus the moment coefficient is a
function not only of the angle of attack and of the load factor but it depends
on other parameters, too — the most important parameter is time derivate
of the angle of attack («).

The results of this calculation can be applied principally to flight me-
chanical investigation of the hang-gliders.
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Abstract

The behaviour of the turbines of gas turbine power plants determines decisively the op-
eration of the whole unit. Therefore, the detailed knowledge of it will be required, as well
as the determinability of the changes in the operational characteristics as a function of
geometrical and other parameters (damage). In this paper, the effect of the change in
the geometrical parameters on the turbine characteristics is examined. The method of
examination is based on the application of the mathematical model of the turbine. In
the paper, the method of the mathematical description of the thermal hydraulic processes
at the level of the row of blades, the equations incorporated in the model and the flow-
chart of the algorithm for the mathematical model are described. The modification of
the characteristics due to the change of the blade angles and the radial clearances is also
demonstrated in it.

Keywords: gas turbine modelling, turbine map, losses, efficiency, multistage turbines, row

of blades.
Nomenclature

— absolute velocity

- relative velocity, work

— peripheral velocity

— absolute temperature

— absolute pressure

— pressure ratio

- number of revolution

— fuel-to-air ratio

angle of absolute velocity
— angle of relative velocity
— enthalpy

— mass specific heat at constant pressure
- adiabatic exponent

— specific gas constant

- area

-~ non-dimensional velocity
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pressure gas dynamic function
temperature gas dynamic function
non-dimensional mass flow rate
density

mass flow rate

Reynolds number

loss coefficient

Mach number

efficiency

power

velocity-loss factor

chord of the blade

pitch

radial clearance

height of the blade

Subscripts

parameter at the inlet of the row of blades
parameter at the exit of the row of blades
serial number of the row of blades
turbine

critical

parameter in relative motion

parameter at the throat

profile

theoretical (ideal)

tangential component

stage

friction

trailing edge

clearance

mean

cooling

mixing

parameter due to Reynolds number
isentropic

Superscripts

stagnation parameter
parameter at the tip diameter
parameter at the root diameter
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1. Turbine Modelling

31

Turbine model describes the processes occurring in the rows of blades by -
aero-thermodynamic equations and determines the exit parameters as func-

tion of inlet ones.

The turbine mathematical model is a method of calculation of the

turbine map.

1.1. Calculation of the Row of Blade Parameters

The basic equations of calculations were developed from expressions of

[1],[2].

Minimum cross-sectional area between blades

Ao,j = D2,jhj7r sin ﬂz,j .

Parameters of gas at the inlet

Data of velocity triangles

— /2 2 i .
wyp = \/cl,j + Ui ; = 2c1,ju1,5 cos oy 5

1 C1,5 s o4

B1,; = tan” .
C1,;CO8Qy 5 — Uiy

Stagnation enthalpies in absolute and relative motion

ok _ *
1 = Gy

2 .2

3% _wlv.j Cl!]

-3k

Stagnation temperature in relative motion at the inlet

* — 7/:(”11.7
wl,y — ¢
Gas dynamic functions
c T K—1 P
A= — AN=—=1- ,\2 A= —
Cor | (%) T* k+1" 7 () p*
() =L = [T()\)H+ 1]“_1_1
= e 2 1

(1)

(2.a)

(2.b)
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From what

A:{[1—7r(,\)5:—1]”+1}%. ()

k—1

Applying these expressions, we can get

(A1) = PLi  and T(Aw1,j) = P (8)

I *
1,5 Py,

Stagnation pressure in relative motion

* * 'ﬂ-()\lv.)
Pulj = P1,jm . (9)
Mass flow rate of cooling air
mcaol,j :. A"'ncoolﬁzl,j 3 (10)

where Amc,o is the relative cooling air mass rate at the exit.
Clearance losses [1]

. . 0D 0.6 A
el = TMIRD [1 T e (3) ] | D

Parameters of gas at the exit

Mass flow rate .
Mo, = Ta,j + Mcool,j + Ml,j - (12)

Fuel-to-air ratio

_ fi |
1+ (22 -1) (14 fu)

Stagnation enthalpy of the gas in relative motion, leaving the row of the
blades ,

fa (13)

. W Meool. 5 Ny s

* — % 2»J * €ooi,J * )

Gug = tur i Cpleoolj o ol +
mo j

m u% my uf
, ma,j ma,;

2 Tg; 2

- where Ty, , ., T7 ; — stagnation temperature of cooling and leakage gases

ool,7?
respectively.
From Eq. (14) the stagnation temperature of gases in relative motion,

leaving the row

3

* L — iz’zv]' (15)
w2, o
P
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From pressure ratio of the row of blades, the theoretical exit velocity in
relative motion:

. ne=1) K+ 172
mOuang) = 70) = duzes = (1= 70V F) ] (9
The maximum possible velocity in the slant [1]
k+1 2 ) 2(s—1
)‘w2t,max = \/I‘G 1 [1 - K+ 1 (Sln /32) tl ] . (17)

If Aw2t; > Awztmax then Ayos; = Awatmax else the theoretical exit velocity
determined by Egq. (16).
In the throat if Ayg:; > 1 then Ayos; = 1 else Ayor,; = Awat,;-
The total enthalpy and the stagnation temperature
2 2 »

Uy - — UT s ?
ek 2,7 1,5 * _ ‘w0
two = zwl,j + 9 3 w0 = c. (18)
P

The losses of vanes and rotor blades can be divided into two parts:

e losses from the inlet till the throat characterised by velocity-loss factor

1o;, and
e losses from the throat till the exit (1;).

The following losses are taken into account: profile losses, secondary
flow loss and tip clearance loss. Friction losses [1]

& = 0.02185(0.0106522—2.2952+160.5) (0.1055y° —0.3427y+0.295), (19
f

where
L[ BitBe i Bi+fp<1l0® [ R0 RE <17
110°  if By 4 6 > 110° 1.7 else
Trailing edge losses and losses due to Reynolds number [1]
O 2100
e=02 , Afpe=——-0.021, 20
& tsin By ¢R Re (20)

where Re = 2222, 4y = (0.2292° — 1.333z2 + 4.849¢ + ©275)1075,

T

T = —— « is the air excess factor.
10000’

Profile losses
Ep = gfr + fte + AfRe . (21)
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Increase in profile losses due to impact and secondary flow losses [1]

tsin (3,

» (22)

A& =a(l - fp) (ﬂlgﬁl ﬂl) , &= 26

Losses of mixing [1]

mcoolj cllj 2
fn = ——>|1-—=1| (23)

my,; €2,;

where ¢} ; = %ﬂﬁ- and Ag; = M Velocity coefficient in the
throat ’

o= \/1 = (€fr + & + Abpe + AL) (24)
and at the exit

pj = 1= (Epr + &+ + Ao+ AG+E) - (25)

The non-dimensional velocities

)‘wO,j = Ath,j¢0,j y )‘wZ,j = ’\w2t,j¢j . » (26)

The pressure ratio can be determined by gas dynamic functions

P2 r(hzeg)y 22 = 1(Mzg)y 2 = 1 (Aons), e = 7(Awoy)-

*
pwl,j w2,7 w0,7 pr,j

Stagnation pressure in relative motion after the row of the blades and in

throat
W()vuﬂt,j) K * 7T(/\w0t,j)

Puw2,j = Pwum y Puoj = Puwl,j Owo) (27)

The mass flow rate of the row of blades

1

Ao ja(Mw :
g = PuoiA0dl °’”)J.'i( 2 ) " (28)

\/]E R\k+1

Mass flow rate entering the row of blades

mlyj = m:] * (29)
The exit mass flow rate
Tha,j = Ta,j + Meool,j — T, - (30)

The relative exit velocity
We; = Aw2,;jCer - (31)
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The exit Mach number

2
My, =Xy sy | —m—————. 32
2 =20\ )0y 2
Calculation of the flow deviation in the slant.
The exit angle [3]
By if  M,; <0.5,
Baj = ngg ‘ if 0.5<M,;; <1, (33)
B2 + Sll'l_1 (_liq()\wz,j)) - ,329,]'.
where
B = (1 132508, ; — 1.925 + 43> T
S 290 e/ 180°

t\?2 t
B, = [1-{-0.185 (g) +0.03994gl Byt

The discharge absolute velocity from velocity diagram and the angle

wg,; €08 fBa,; — Uz,;

— 2 2 _ oy . . — tan~
c2,; = \/wz’j +uz ; — 2¢p,5uz,5 cosfj, «g;=tan

(34)
Stagnation enthalpy of the gas at the exit before mixing in the cooling air
2 2
- * €2, — "2,
12, = Ywz,j ~ —‘]—2—] : (35)
Non-dimensional discharge absolute velocity
2,7
Ao j=—L. (36)
. CCT
Static and stagnation pressure in absolute motion
P25 = Pun i (Mwzei) » P2, = P27 (A25) - (37)
Static discharge temperature
Tz = T3,;7(A2,4) - (38)

The absolute exit parameters of the row of blades will be the inlet parameters

for the next row.
The set of non-linear equations will be composed from mass conserva-

tion equations for the rows of the blades.
77'7,1,]'+Thcool,j +m;—m; =0, 7=1,...,n. (39)

The set of equations can be solved by numerical method.
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1.2. Parameters of the Stages

After the calculation of a stator and a rotor row of the blades, it is necessary
to find the parameters of the stage.
The actual power is determined as the power of the gas decreased by
losses due to tip leakage and amount of heat rejected by cooling air
Py =1y j1(8 jo1 — 13.5) (1 — Aflieak) — Moot j6pATeootj - (40)
where decrease in efficiency due to leakage losses [1]

§D" " 0.3 /1\"
eak = 7T~ " - ; 41
Ateak hDrpm [1 + sin ,32g (t> ] ( )

change in temperature of cooling air

AT ool = Tepot,j — Teootj - (42)
Pressure ratio for the stage and exit stagnation temperature
Pi el
W:t = : ) T2*s,j = Tl*,j—17r3t . (43)
P1,5-1
Isentropic power for the stage
Py st = 1 jep(T1 -1 — T3 5) - (44)
Isentropic efficiency '
P,
+ st
= 2, 45
S =B (45)
The exit stagnation enthalpy from energy balance
Lt [ (3 e — 05,5) 2|+ oot ic Tim
7/2’]‘ = : . (46)

m2)j

1.8. Turbine Parameters

Stagnation temperature, non-dimensional velocity and stagnation pressure
at the exit

i* . T . Do i
Ty =20 Ny=A[-2L, pp=—21, 47
2 Cp 2J T; 2 7‘('(/\2) ( )

Non-dimensional mass flow rate for the turbine

gN) 71 =q(N)1. (48)
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Actual power of the turbine

z/2
PT:ZPSti' (49)
=1

Stagnation pressure ratio for the turbine

22
AT = ]___E Tat; - (50)
Isentropic power of the turbine
Pr, = tnae, Ty [1- (75) 5] - (51)
Isentropic efficiency | P
Nop = P;; : (52)

1.4. Calculation of A, = const. Curves on Turbine Characteristics

The calculation concerning the given non-dimensional peripheral velocity

(7

Sl e (53)
x+1 1,7

can be continued by the variation of the pressure ratio of the first row of
blades (by the reduction of the pressure ratio from 7 (j) = 0.9). In the course
of calculations, one of the rows of blades will reach the critical operational
mode (choking), and therefore its mass flow rate increase will stop and
reaches its maximum value with the given A, and further on the pressure
distribution and the flow conditions will not change with the rows of blades
preceding the latter one.

Subsequently, the variation of pressure ratio should be continued with
the row of blades having reached the critical operational mode, and the
equations associated with the former rows of blades should be separated from
the system of equations for the mass flow rate conservation. Accordingly,
the number of the independent variables [r(j)] will also be reduced. The
reduction of the pressure ratio should be continued up to the point when
the critical operational mode occurs with another row of blades. In this case
and afterwards, too, this procedure should be performed according to those
described above until the choking occurs with the last row of blades, and the
lower limit of pressure ratio range of the turbine to be calculated is reached.
In the computing program, the search of the pressure ratio belonging to
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the critical operational mode is ensured by automatic step-halving of the
pressure ratio in the neighbourhood of the critical operational mode. Then,
after the separation of the choked part, the calculation can be resumed anew
with the original step interval.

The simplified flow diagram of the calculations is shown on Fig. 1.

The temperature and constituent dependence of the specific heat and
the adiabatic exponent, as well as the constituent dependence of the gas con-
stant are taken into consideration with the help of the subroutine developed
for this purpose.

The significance of the method elaborated for the computation of char-
acteristics lies in the fact that it renders possible the direct determination
of the characteristics of multi-stage turbines. There is no need for stage by
stage calculation and then for the summation of characteristics — though a
possibility is provided of displaying the data by stages, too. The Newton—
Raphson method applied to the solution of the set of non-linear equations
ensured a very rapid convergence.

FEgs. (39) and the relationships covered by those constitute the mathe-
matical model of the turbine, which can be adapted directly on the models
of the other units of gas turblne power plants.

2. Results of Turbine Characteristics’ Calculations

Fig. 2 shows the maps of a single-stage and a double-stage gas turbine. On
the vertical axis of the turbine characteristics built up of non-dimensional
parameters, the non-dimensional mass flow rate developed irj the minimum
cross-section of the stator blades of the first stage and the turbme efficiency
was represented, while the pressure ratio of the turbine was plotted on the
horizontal axis. The non-dimensional peripheral velocity A\, was a param-
eter. The constant sections g(A) seen on the characteristics show the fact
that with the given pressure ratio, a choking occurred in a row of blades of
the turbine.

In case the choking occurred for the first time in the row of stator
blades of the first stage, then ¢(A) = 1, while the straight sections 1 >
g(\) = constant seen on the double-stage characteristics (Fig. 2b) show that
with a given value A,, a choking will occur first not in the nozzle of the first
stage. As it is shown in the Fig. 3 and 4 representing the variation of the
mass flow rate and the pressure ratio as taking place in the rows of blades,
this choking will occur in the third row of blades of the turbine examined.
The diagrams on right side show the characteristics in case of decrease of
the first stage nozzle exit angle.
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Fig. 1. Simplified flow diagram of the turbine model
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Fig. 2. Calculated turbine maps

3. Effect of Changes in Geometrical Parameters on Turbine
Maps

The detailed turbine examinations were performed with the help of the
turbine model for the two-stage gas generator turbine unit. In the course of
examination, the inlet and outlet angles of blading by each row of blades,
as well as the value of radial clearances of rotor blades were varied. The
results of calculations are represented on Figs. 5 and 6. The dashed lines
show a map of the turbine changed geometry.

The analysis of the calculation results as broken down to the level
of the row of blades shows that the simulated variations will modify the
turbine characteristics (Figs. 5 and 6). Depending on the character and
measure of variations, the following characteristics will also be changed: the
pressure ratio of the turbine as associated with the choking, the sequence of
the choking the rows of blades, and as a consequence, the passing capacity
of the turbine, as well as its efficiency.

Since the determination of the turbine characteristic of the models
examined will take place on the basis of the geometrical characteristics of
the turbine in question, this kind of examination will show the way to the
correction of calculated characteristics.

From the detailed analysis of the results it can be established that
the reduction in the outlet angle of the first-stage row of stator blades -
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which, in turn, involves also the reduction in the cross-section — will shift the
Ay = const. curves towards the lower pressure ratios of the turbine (Fig. 5).
This result emanates from the fact that the reduction in cross-section will
bring forward the chocking with the row of blade, i.e. the value of ()
will increase. In this case the reduction of the outlet angle is performed
with another row of blade subsequent to the first one, the mass flow rate
curves will be shifted towards the higher pressure ratio of the turbine. These
reductions in the cross-section will reduce the non-dimensional mass flow
rate of the first row of blades, and this, in turn, will be reflected in the
diagram.

The increase of radial clearances (Fig. 6) will bring no change in the
path of the mass flow rate curves with the first or the second stages. The
curves of efficiency will be shifted, in both cases, towards the reduction of
them.

The highest non-dimensional mass flow rate will be obtained in case
the choking occurs with the first-stage row of stator blades. In the case
of an increase in the rpm, or more exactly in A,, the degree of reaction of
the stage(s) will increase, and due to it, the non-dimensional mass flow rate
of the stator blades row of the first stage will decrease, and the chocking
can occur somewhere downstream, or, even with the row of rotor blades,
respectively. (This process will last while 3; is less than 90°, afterwards a
reduction in the degree of reaction will occur.). The constant curves A, will
be shifted towards the higher pressure ratios and downwards.

From the diagram a similar conclusion can be inferred concerning 175
— but due to the fact that it occurs in the denominator of A, with the
opposite effect — the increase of the temperature will involve the decrease of
the degree of reaction, and the non-dimensional mass flow rate will increase.

According to the examinations performed so far, the change in the inlet
angle of the rotor blades will not modify considerably the non-dimensional
mass flow rate. The reduction of the inlet angle will result in the widening to
a small extent of the mass flow rate diagram, while its increase will narrow
it. The values of efficiency will be modified due to the change in the angle
of attack.

As a result of this examination, a possibility will be provided of design-
ing an optimal turbine construction, as well as the correct determination of
the character of turbine damage — in case of spacing out proper measuring
points — when the turbine model of this level is integrated into the whole of
the power-plant model.

4. Summary

The applied model is suitable ~ with the knowledge of the geometrical di-
mensions and the thermodynamic parameters — for the calculation of char-
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acteristics and the examination of the processes taking place within the
turbine in the course of both the design and operation. This model can be
inserted — as a component model — into the mathematical model of the gas
turbine power plants [4].

The examinations performed already, or to be performed later on, re-
spectively, will provide information about the tendencies and possibilities of
model adaptation.

The analysis of the calculation results as broken down to the level of
the row of blades shows that the simulated variations will modify the tur-
bine characteristics. Depending on the character and measure of variations,
the following characteristics will also be changed: the pressure ratio of the
turbine as associated with the choking, the sequence of the choking the rows
of blades, and as a consequence, the passing capacity of the turbine, as well
as its efficiency.
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Abstract

The one-point contact problem roughly describing the rolling behaviour of wheels and
the sliding behaviour of sleds was defined by Hertz, Cartheodory, Hamel and others.
Extending this idea to a continuous field of contact points in a closed 2-dimensional
domain produces the nonstationary field of tractrices in the contact area. One has to solve
nonlinear partial first order differential equations or integral equations. Discretisation of
the whole wheel in dynamic contact gives rise to a new method which is not based on
finite element method. Measurements and computations of rolling wheels on a glasg plate
show that high frequency behaviour of the contact of wheels has to be taken into account
to understand all phenomenas.

Keywords: non-holonomic constraints, transport equations, friction, stability, rough con-
tact.

1. Introduction

The one-point contact problem roughly describing the rolling behaviour of
wheels and the sliding behaviour of sleds was first solved by Hertz, later on
by Caratheodory, Hamel, Neimark and Fuvaev and others. The analytical
expression for a pure rolling condition is shown in Fig. 1 and because of
the fact that the angle o for rolling must be zero there exists a differential
condition e, -ds = 0 or

—sinydzy + cospdy, + 0dv + 0dt = 0
and a rolling condition:
| dz; cos ¢ + dy; sin ¢ = Rdp,
with the components to be seen from Fig. 1.

dz
dt

) dyy .
= I] = Uge COS P, d-t_ = Y1 = Urou SiN 9,
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en
-Rd9
dS'R dyl
dX1
VRoll = RQ

Xo
Fig. 1. Rolling wheel: fixed plane zg, yo, contact point z1,y:, sliding velocity vg,
rolling velocity vgon, radius of wheel R, angular velocity €2, increments of
moving dz1, dy;, e,, unit vector of wheel axle, direction of wheel plane 1,
non-holonomic condition is &« = 0 and vg = Vren

which is a ‘Pfaff’s’ form. The heading angle ¢ is a free parameter and
must not be chosen continuously in time. The two differentials dz; and dy,
cannot be integrated because of the fact that the factors —sin and cos v

should hold the
of integrability:

df - ar dwl + af dyl + d";b + 8fdt if 6:?,'26fzj = afjafz,-

which obviously they do not (therefore it is called non-holonomic con-
strained condition). In analytical mechanics it was shown by Appel, Pfaff
and Routh that such a condition can be used together with the equations of
Newton. In the case of a skater-shoe which belongs to the same condition we
get, see in Fig. 2, the following acceleration vector for the center of gravity:

Gy = Uy — WUy — wza,

ay = Uy — Wy —Wwa.

After some manipulations, see Appendix 1, we find the following condition
for the heading angle ¥ : ¥ = w,

mavy

wtHAw=0, A=—7.
+ ! Js + ma?

For the starting conditions that the velocity v, and 7 are also constant,
the parameter a shows that there are two solutions possible. One solution
is stable the other one unstable. If the center of gravity is in front of the
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Yo

YQ(A)'

i
Xo (A) Xo
Fig. 2. Ice-skating shoe: moving plane z,y, contact point A, weight of skater G,
distance to C.G (=S) is a non-holonomic condition vy = 0.

contact point the solution is stable. Otherwise the solution is unstable.
In this case the motion of the system produces also singular points where
the center of gravity is rotating around the contact point which is fixed a
moment in the contact plane. From this behaviour one can conclude that
every vehicle equipped with laterally not stiff front wheels and stiff rear
wheels is stable (understeering).

In reality wheels show a small amount of deformation when rolling
forces laterally or longitudinally occur. In Fig. §the lateral force is produced
by a.constant deformation 7 and linear increasing deformation of the profile
elements along the contact length of a deformable wheel. B. v. SCHLIPPE
and R. DIETRICH and also RIEKERT have shown that at the front of the
contact area a non-holonomic rolling condition can be defined with a heading
angle 1 relative to the plane of the wheel. Using the assumption that the
deformation laterally of the leading point of contact is proportional to the
created lateral force and it is also proportional to the heading angle ¢ we
get the so-called ‘relaxation length’ L which marks a point on the z axis
around which a simulated swiveling ‘leading wheel’ is rotating. Using the
non-holonomic constraint equation for this leading wheel one can derive
the differential equation of first order in time for the linear behaviour of the
lateral force generation of the wheel (see Appendix 2). Today this differential
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. - v
Fig. 3. Rolling lateral elastic wheel: moving plane z, y, contaltct length 2h, corner-
' ing force S, cornering moment M, concerning angle 8, swiveling angle 1,
lateral global deformation ¥, entrance E, outlet A, local deformation at A
is 2h%, relocation length is L, simple model, load slowly changing.

Fig. 4. Two surfaces which can be flattened without deformation: a small pen-
etration of two elastic bodies produces small tangential deformation and
can be added to the relative motion of the two planes, cone angle produces
spin.

equation is generally used in industry. It can be used also for longitudinal
forces by aid of a shorter relaxation length.

There are three statements which need to improve this equation:

1. The area of contact has a deformation field perhaps with short wave-
length which is only poor approximated by linear increasing deforma-
tion with contact length.

2. The real pressure distribution does not allow tangential forces bigger
than the friction limit.

3. Non-smooth surfaces need a discontinuous theory.
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y moving system

contact area —__ [ 4 ... local deformation
Ab—3 E A=x-k

equator ~plane
4
ﬁ'\.___ s
Q
axle

) ixed system [
Fig. 5. Rolling elastic wheel: global deformation k, local deformation A, fast
changing contact area h = h(t), fast changing of §(t), v(t), w(t) and load,
complex model M ¢

global deformation

bed

il

/ i e

outlet...A) 32 ' % 1®...entrance
- 2

. 5 ‘ 3 J -,__;(_
S
\1\1\ \ 1y v

contact
P=WT area

Fig. 6. Stationary rolling of a deformable cylindrical surface: local deformations
when the equator line (2) has no longitudinal slip

2. Non-Holonomic Rolling Condition for 2-Dimensional Contact

We begin with the first statement. The non-holonomic rolling condition
in this contact area can now be formulated by the idea that we have two
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reference planes which are moving one on another. The basic plane zq, yo
is the road and the moving plane z, y is oriented by the intersection line
of the wheel plane with the road plane. On this line is laying the idealized
contact point i.A, which is the intersection of the steepest descent line with
the road plane.

Looking for bodies and surfaces with small deformation in normal con-
tact we find only a cylinder on a horizontal plane rolling with horizontal axis
or a cone on a cylinder, Fig. 4. For both cases there exists in the surface
Zo, Yo there exists a point M around that point the wheel is turning. So we
can use this simplified geometry to define the real contact in case of very
small deformations. A small flattening of the wheel can be used to define
very small tangential deformations u(z,y) and v(z,y) in the moving plane
z,y. We distinguish between small, ‘local’ deformations Az (z,y), Ay(z,y)
and ‘global’ deformations (for instance lateral bending or eigenmodes) of
the wheel k.(z,y) and ky(z,y), see Fig. 5.

u(m,y) = kz(zvy)'i'Az(m,y),
v(z,y) = ky(z,y)+ Ay(z,y).

The area of contact must be known from a contact theory or from measure-
ments, also the functions k and A
Because of the fact that the two planes have a common point M which
is not moving in both planes we can formulate the non-holonomic rolling
condition:
ep(x)-dx=0.

At first we look for the movement of a contact point in the plane z,y when
it is fired in the plane zg, yo, see Fig. 5:

Xp = a + X = const!
In the moving system z,y we get by aid of the Euler equation:

vi+xtwrx=0.

From this we get the differential equation:

(*)

the matrix A and vectors f,x are

a=(5 %) = {10}
If all parameters are constant (wovpdp) the solution consists of circles
X(t) = D) (X () = %0) + %5

where D) = eAolt-t) x = — Aj'fy. Expanding eMo(t=11) one finds:
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__{ cosp sing _ _
D(t)_<—sin<p cosc,o)’ = wolt —t1).

This solution produces the following field of relative motions, see Fig. 6.
If the contact points 1, 2, 3 are touching the ground plane at the same time
t; = tg and defining the running time in contact by 7 =t4 — tg the angle
@ is for all points 1, 2, 3 the same.

For a differential element of the way of the moving point we get

(x—x,)-dx=0
which is a non-holonomic constraint. The location of M is in every case
v v
X, = <— sin 4, — cos 5)
w w
so one gets the constraint equation:
v v
(:c — —siné) dr + (y— ~—cos§> dy=0.
w w

Multiplying by w, re-arranging and using the time element d¢ leads to

dz _ dy _ﬁ
wy —vcosé wzr—vsind 1

?

which defines a family of characteristics. Defining x = x*(z, y,t) as a non-
stationary field of moving lines of contact points
o Oxds Ox dy | Ox
T 9z dt Oy dt | Ot
" it follows
ox 0x ox

X = a—z(wy— vcosd) + 8—y(wx —vsind) +

which are nonlinear because of wz,wy. It is important to mention here that
numerical integration uses time increments At and increments A, ds;, Asy
defined by

A =wAt, Asp=vcosdAt, As,=uvsindAt.

= A
T x+f

So we get for the new position of the point x(t + At) = x in all cases,
even when x, goes to infinity (that means pure translation), the following
expansions ‘

x'=D(x~-x,)+x,=Dx+ (E—-D)x,, expanding D to third order :
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1 2 1 3
1—§A;/7 ,A¢_51A¢ ’ Xp:{ ﬁsy/ﬁlb }
~Ap+ ZAY 1= SAY sz/ A

1 1 1 1
z’ (1 - §A¢2>vz + (mp - gmps) y— (1 - gAsz + §A¢-Asy> ,
y = <—A¢ + %Azﬁ) T+ (1 - %AW’) v+ -21~A¢As, + (1 - éAzp?) Asy.

A transformation which is regular, nevertheless if tand = %ﬁ— is small or
not. The rotation Ay must be small, therefore it is necessary to look for the
highest frequency of the rolling system with respect to the shannon theorem
(for numerical treatment).

The created tangential forces in the contact area are computed in every
timestep using the local deformation vector A. With these forces one has to
compute the dynamics of the global deformations of the wheel and getting
the axle forces of the wheel one computes the dynamics of the vehicle masses.
So one gets for the next timestep v, §,w.

The local deformation vector is in every case an approximation. As
it is the difference between x and k it is an engineering judgement. For
instance if we say that the idealized wheel is flattened without deformation
(cylinder or cone surface without bending resistance) there is the only global
vector for the cases a) and b) of Fig. 4

g — RQT tg — RQr T Loz,
a) k= , b) k=

h%—z? _ R
YE YE + 2p P = o

with A< p.

In case of small lateral movement y(z,t) of the contact points along —h <
z < h, |§] € 1, |[wh| < 1 and constant velocity v, we get the well known
equation of B.v. Schlippe, R. Dietrich:

dy(z,t) dy(z,t) _
R (—v) ET wz 4+ vd .

This equation was then solved by Smiley using power series in time.
Starting again from first formula (*) and changing to integral equations
one may use a Picard iteration with 7 as the running time of the point z:

Xy+1 = XE + /(Ax,, + f)dr,
0
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and beginning with straight line running of every point

h—z

vecosd '

X1 =xg —e,RQr with 7=

we find for a cylindrical wheel with small lateral deformation y(z,t)
y(a,t) = ys(t - )+ [ (v8 - wa)dr
0

a first iteration.
By definition dr = —z—f and v;=v = RQ (no longitudinal slip) we get
the differential form:

y(z +dz,t) = y(z,t — dr) + (v6 — wz)dr .

Expanding this to first order

oy , dy
y(z,t) + a—xdax = y(z,t) — 5 dr + (v6 ~ wz)dr
dropping dr:
% _ v oy _ v —we
ot For

which shows, that this type of equation is only a first approximation.

3. Dynamics of Real Wheels Using Continuum Theorie

For technical applications the contact points are not only sticking on the
surface of contact they are also slipping when the friction limit for a given
pressure distribution is reached. To simplify the model in these cases the ve-
locity of sliding is computed only using the rotation velocity and vibrational
velocities of the eigenmodes of the wheel. The local deformation velocity
is neglected. So only low frequency self excited excitation is possible. Be-
cause of decrease of the friction function with increasing sliding velocity a
dynamic rolling stability problem arises: stiction forces and friction forces
are nonconservative and so there is a need to get energy losses into the wheel
body to stabilize the fast rolling system. .
Looking through a running glass plate for the contact behaviour of the
points is contact area, see Fig. 7, and estimating the moving of white points
which are labelled on the surface of the tire and using image processing for
instance fir a rolling situation of five degrees of slip angle one sees, see Fig. 8
that in front of the contact area the points are sticking and later on they are
slipping. This behaviour was also computed, see Fig. 9, using two lateral
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eigenmodes of the wheel, local shear deformation behaviour of the profile
elements and given pressure distribution. The area of contact is assumed to
be a section of the toroidal shaped tire surface. To increase rolling stability
the eigenmodes must be damped.

Finding by resonance excitation for the first two lateral eigenmodes of
the tire where the damping is placed, it was found that it is mostly damped
in the sidewalls, which can be shown by thermography, see Fig. 10. Also
the friction behaviour of the profile elements produce damping, which was
computed and controlled also by thermography, see Figs. 11 and 12 and
the computed tire forces are also controlled by sinusoidal excitation of the
steering angle running the tire on a drum. Reaching the flutter point of the
tire at a wavelength of one meter there is shown a ninety degree phase lag
in the Fig. 13.

Longitudinal and lateral oscillations with higher frequency of the pro-
file elements were introduced into the system by OERTEL who has shown
the influence of friction oscillation of the profiles on the generated tangential
contact forces (increasing roughness).

4. Dynamics of Rolling Wheels with Non-Smooth Surface

A further discretisation of the whole wheel and of the contact elements was
made using particle dynamics. So it was possible to compute simultaneously
global deformations, local deformations, pressure forces, see Fig. 14 and 15,
and friction forces. A non-holonomic constraint equation is not used. There
is only used a holonomic constraint equation when a particle is touching
the ground. It is assumed that it is sticking in the first time step when
touching the ground because there is no tangential local deformation. In
the next time step it is proved if it is sliding or not. Naturally one has a
high frequency system of particles and one has to use a very short time step
* for integration.

Lastly the footprint of the tire was computed, see Fig. 16, and it was
compared with thermographic estimated footprint see Fig. 17. So we end
with this research, looking for the high-frequency behaviour in contact area
up to 2000 Hz, producing solutions and measurements of this behaviour
but do not use non-holonomic constraints again, which was done at a first
attempt as a good working hypothesis, and later on looking for nonsmooth
surfaces the practicability was bad. Going into the details of the profile
deformation discretization is always necessary, but we have to be aware of
the fact that we lose a possibility of analytical treatment. But otherwise, to
understand all phenomena which occur in the contact region, it is necessary
to develop complex numerical models for the behaviour of rolling wheels.
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Continental 195/65 R 15 Super Contact
Cornering Angle 5°, Camber Angle 0°, Vertical Load 4000 N,
2.0 bar -

Fig. 7. Tire rolling nonstationary on a glass-plate beginning from upper left to
right down : white marked points on the profile elements show the move-
ment relative to inclined motion (§ = 5°) of the plate. At the entrance
the points move with the same angle, then they slide laterally, velocity is
v=25cm/s.
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Fig. 8. Corhputation of rolling situation with § = 6°,8°,10° using 21 lines and 13

collocation points on every line

Fig. 9. Local deformation computed for § = 5°
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Fig. 10. Eigenmode n = 0 for lateral excitation of the tire

Fug. 11. Thermography of frictional heat up of the slipping profile elements, con-
cerning angle 5°, camber angle 5°, vertical load 3000 N
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Fig. 12. Computed results of friction work, tangential forces and pressure distri-
bution, stationary rolling
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Fig. 13. Computed flutter point for a 225/60 R 15 V tire



TRANSPORT ALGORITHM FOR ROLLING CONTACT 61

Fig. 14. Computed deformation of a tire model with profile elements, cornering
angle 5°, load 3000 N
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Fig. 17. Thermography of a rolling tire with this profile on a flat bed test rig,
cornering angle 5°

Conclusion

The concept of a non-holonomic condition for a single contact point was the
first step into dynamics of vehicles. The next step was to extend the concept
to a contact line and to a contact area.

Introducing a friction law big problems arise: there is no theory for
friction oscillations in continuum theory. But for discrete systems it was
possible to produce correct and stable numerical solutions. So it was shown
that high frequency behaviour of rolling wheels always needs an engineering
decision what eigenmodes have to be used.

Rolling and slipping of real wheels can only be simulated numerically
using particle dynamics. Computing the contact of the surface particles
touching the ground, it is necessary to use holonomic constraints. The
frequency range of the solution is limited to avoid excessive computing time.
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Appendix 1

m(ty —wvy —w?a) = 0,
m(vy + wv, +wa) = R,
I.w = -Ra,

0 <wv;=const., wv,=v,=0, ¢:w,

. w
m(wvz +pua) =-I;—,
a

} solution w = wpet

stable : a>0
unstable: a< 0

Appendix 2

I R AN I
v+ hw+ Ly — v =0
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Abstract

This paper gives a state-of-art report of the controlled vehicle dynamical research that
has been conducted at the Technical University of Budapest and the Computer and Au-
tomation Institute of the Hungarian Academy of Sciences. The investigations into the
application of the newest results of the modern control and identification theories are con-
ducted on several fields: primary (wheel) suspension control, secondary vibration isolation
(seat), steering systems, control of the hitch forces and torques at articulated vehicles, and
stability enhancement control systems. There are some other fields addressed here as well,
which are related to the interface between the vehicle and the environment (IHVS) and
the investigations into the on-board vehicle electronics.

Keywords: modern control theory, robust control, automated vehicle systems, vehicle
dynamics, identification of dynamical systems.

1. Introduction

With the sharply increasing number of the vehicles participating in the
everyday traffic several other factors receive a growing interest:

o risk of traffic accidents, which is not only the consequence of the num-
ber, but also the higher performance of the vehicles,

e the need for increasing the traffic flow’s velocity and safety,

e demands on the better communication between the vehicle, vehicle
driver and the environment.

The above facts are pointed out very clearly that the vehicles of the end
of 20th century should be smart and have a certain intelligence to fulfil all
these requirements. It basically means significant increase in the job of the
on-board computer. Its task will be changed essentially: it should not only
communicate with the existing electronic system and control their behaviour
(such as engine management, ABS, climate control, etc.) but also should
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handle complex problems such as vehicle identification, controller design,
communication with the road properties (curvature, elevation, etc.) linked
to a satellite communication system. The principal scheme of such a vehicle
can be seen in Fig. 1. In this state-art-of report only the results related
to some of the controlled dynamical systems installed on the vehicle are
introduced. In the reference list, a completer picture about the publication
activity conducted in this field is given [1]-[15].

1 DRIVE-TRAIN CONTROL

-4
9
o«
-
z
<}
o
wl
=
[

-

1 E

Els

Z| &

813 ON-BOARD COMPUTER

2la

i

<i|a - ‘ : ]

S| VEHICLE CONTROLLER

= IDENTIFICATION DESIGN
L

Fig. 1. General task of the on-board computer

2. General Problem Statement

Generally speaking, any controlled dynamical system can be transformed
into the form shown in Fig. 2, which gives the basis for the controller design.

There are three blocks in Fig. 2. The middle one represents the nomi-
nal plant to be controlled by the lower block, which is standing for the con-
troller. Since the real systems cannot be known perfectly (there are several
facts making the system uncertain), the upper block describes the model
of system’s uncertainties. These can be structured (such as the physical
parametric uncertainties) or unstructured (arising from high order or non-
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Fig. 2. Block diagram of an uncertain dynamical system

linear dynamics). The input vector u; stands for the external disturbances
acting on the system, uy is the control input vector. The set of outputs
denoted by y, is referred to as the performance output vector which has to
be controlled, and y, contains the measurable outputs.

In vehicle dynamics, several classes of models can be used. As a first
approach to the controller design problem, linear time-invariant (LTI) mod-
els are used, and thean, when implementing it in highly non-linear envi-
ronment, the models can be refined with time varying and/or non-linear
disturbances and uncertainties. The mathematical system theory offers (a)
transfer function models with norm bounded unstructured uncertainties and
(b) state-space models with both structured (parametric) and unstructured
uncertainties.

In vehicle dynamical studies the system’s performance output varies
from application to application. For example, in the suspension design prob-
lem it contains the vertical body acceleration and the dynamic wheel load,
while designing controlled 4WS system, the controlled outputs are the lat-
eral acceleration and the yaw rate. Similarly, the control inputs are also
different, in the suspension case it is a force, while at the 4WS system it
is the steering angle. These variables will be mentioned later at the spe-
cific application. When talking about integrated vehicle control as shown in
Fig. 1, these output and input signals are collected into one vector and are
used in control.

Generally speaking, the control problem can be formulated as follows:

Ty, u,lla(KA) = min (1)
Ekstab
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that is some norm of the transfer function between the performance output
and external disturbances is minimized over a set of stabilizing controllers.
The solution to the control problem given in Egq. (1) can be obtained as:

a) Hy optimal control or minimax differential game, where the L3 in-
duced norm is used in Eq. (1) and it is assumed that the signals are
energy constrained, bounded, i.e. u; and y; € Lj.

b) [; optimal controller design: it is assumed that the signals are ampli-
tude constrained, i.e. u; and y; € Lo and the norm in Eq. (1) is the
induced L ,-norm.

¢) H/H, design problem (see in {11], [12]), when u,(t) is stochastic and
A is norm bounded.

The design steps can be listed as: (a) construct the equations of motion, (b)
convert it into the state-space form and M — A form (this is form when the
plant and controller block in Fig. 2 are combined into a single M block) and
(c) depending on the control goal choose the right algorithm to synthetize
the controller. The controller design problem can ususally be solved by a
commercially available software, such as MATLAB or MATRIX,. If the
model cannot be obtained from e.g. first principle, system identification has
to be performed prior to the controller design.

3. Suspension Control

In this part of the paper three suspension related problems will be addressed:
active and semi-active control of the primary suspension of a passenger car,
and the seat suspension design for heavy commercial vehicles.

3.1. Active Suspension Design

Fig. 3 shows the well known quarter-car vehicle model (representing the
quarter of the vehicle body with a single suspension), which is widely used
for active suspension design because of its simplicity, low number of state
variables and parameters. The model is drawn similar to Fig. 2. The perfor-
mance output vector contains the following variables to the controlled (see
in references [4], [6], [11], [12]): '

o Vertical body acceleration, which describes the ride comfort provided
by the suspension. This quantity should be minimized in some fre-
quency ranges, because the human body (driver, passenger) is sensi-
tive to vibration transmitted from the road profile to the vehicle in a
given frequency range.
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Fig. 3. Quarter-car vehicle model for active suspension design

e Dynamic whee: load, whose value should also be kept as minimal as
possible to provide better road holding for the vehicle, increasing its
lateral and longitudinal stability.

e Suspension working space, which is important to be as low as possible,
since the large working space causing higher variation in the steering
geometry is not permitted from constructional point of view.

The above described quarter-car model is not able to take several ef-
fects into consideration: effect of the pitch and roll motion, chassis flexibility,
etc., but provides very good results for the theoretical investigations, testing
several control schemes. This model can also be uncertain, since such vari-
ables as tire spring stiffness (which is a function of internal tire pressure) or
the vehicle mass (varying with the number of passengers, or the cargo) are
not perfectly known. The approach introduced in part 2 is able to handle
such structured uncertainties. The solution to the combined H,,/RLQR
(Robust Linear Quadratic Control) is shown in Fig. 4 (for more details see
in [4], [12]).

Although the simulation results have shown the applicability of the
developed control strategies, it should also be implemented in a physical
model. For this reason, a 1 : 1 scale quarter car test rig was designed, as
shown in Fig. 5.
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Fig. 5. Quarter-car model test rig

The vehicle body is represented by a vertically moving mass, onto
which a two-arm front suspension is attached, keeping the original geometry
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of the suspension. The linear bearing needed a special attention because of
the friction problems. The road excitation is generated by a Rexroth servo
cylinder with maximum capacity of 25 kN (compensated for 15 kN lateral
force) and bandwidth of 60 Hz. As active element, a 10 kN, 70 Hz servo
cylinder is used, especially manufactured for this application and fitted into
the suspension’s coil spring replacing the shock absorber. Two accelerations
are measured, one is on the body, the other on the lower wishbone. The
system will be controlled by a PC based DSP board.

Although the results obtained from this investigation are promising,
there are several factors putting strong limitation on the applicability of the
fully active suspension:

o the cost of the active suspension’s components (valves, cylinders, power
supply, etc.) is very high, and makes it very expensive for the cus-
tomer.

o the energy demand of the system (producing large oil flow and pres-
sure) is very high and should be generated by the car engine, which
results in a loss of the accelerating performance, decrease of the max-
imum speed.

- These two facts explain that not too many car producers are dealing with
active suspension development for serial production. However, there are
some special vehicles where their application is feasible: transporting ex-
pensive goods (e.g. vibration sensitive instruments, computers) or systems
(for example military command points with high speed).

3.2. Investigation of Semi-Active Systems

As it was pointed out at the end of the last paragraph, the active suspension
system is not really feasible from point of view of the high energy demand.
This problem can be eliminated by replacing the fully active actuator by a
semi-active one. The semi-active actuator is a variable damping-coefficient
shock absorber, which is able to vary its damping ratio with high bandwidth.
The semi-active damper is able to dissipate energy only, but in a controlled
way. The system’s model is similar to the active suspension shown in Fig. 3,
only the actuator is replaced by a controllable damper, and the control
strategy should be modified. The derivation of the continuous as well the
discrete semi-active control strategy is shown in Fig. 6.

As seen in Fig. 6.a, with the active control any relative velocity between
the vehicle body and wheel can be controlled. The ideal semi-active damper
should be able to generate zero and infinite damping coefficient, but only
energy can be dissipated (F'ig. 6.b). Since neither zero nor infinitely large
damping ratio can be obtained, the control range in the 1st and 3rd quarter
is narrowed (Fig. 6.c). The continuous system operates fine, but this is more
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expensive, since it needs more complicated hardware. That is why usually a
two, or more stage damper is for semi-active suspension control. In Fig. 6.d
a two-stage semi-active damper control logic is shown.

The semi-active suspension control project was conducted together
with the Vehicle Research Laboratory of the Delft University of Technol-
ogy, the Netherlands. Using the vehicle, fitted with controllable dampers
at the rear, some of the measured results can be seen in Fig. 7. The fig-
ure shows measurements at the low-damper stage (about 300 Ns/m), high
damper stage (about 900 Ns/m) and with the semi-active damper. As seen
in the upper chart of Fig. 7, with low setting the peaks at about 1 Hz and
11 are high, the low damping results in large amplitude at the eigenfrequen-
cies of the vehicle, while in the frequency range of 4-9 Hz the gain is low.
With high setting it is in opposite, the peaks are eliminated, but there is
large gain in frequency range of 4-8 Hz, where the human body is more
sensitive to the vibration. With semi-active damper control (SAD) the op-
timum between these two limits can be found. However, two problems can
be detected: (a) the improvement is not too large, which is caused by the
small difference between the low and high damper settings, and (b) unde-
sired oscillatory motion can be seen in higher frequency ranges. This last
phenomenon, referred as chattering, is inherent problem of variable damper
systems.. Some solution to eliminate this vibration can be found in [2]-[11]
using sliding mode control.

However, the semi-active suspension system is getting more widely
used, all the leading car manufacturers offer this system for the products.
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3.8. Controlled Seat Suspension Design

In heavy vehicles primary suspension controlled elements usually cannot be
applied, because of high loads, which should be carried by the controlled
actuators. The modification of the suspension itself is sometimes also not
possible. However, the heavy truck drivers are subjected to a logn term
vibration, whose effect is prolonged during their lifetime and might result
in serious illness requiring millions for medical treatment, hospitalization,
rehabilitation, etc. Similar problem can be found in other type of vehicles,
such as agricultural tractors, mining vehicles, where the primary suspension
is very stiff (if exists at all).
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In this case the driver’s seat suspension can be modified to give better
isolation fot the driver. This type of activity has been started recently, and
some very first results have already been published (see in [2, 10]). Fig. 8a
shows the model of a combined human-driver and quarter-vehicle.
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Fig. 8. (a) Combined model of a human driver and vehicle
(b) Some results with sky-hook controller

In this case similar control problem is solved as introduced before. The
driver’s seat is suspended by using a semi-active damper. The control strat-
egy is designed based on the so-called ‘sky-hook’ principle, which means that
the damper’s switching algorithm is working similar to a damper installed
between the seat and an inertial reference point (the ‘sky’). When the re-
quired sky-hook force is having the same sign as the one can be produced
by the shock absorber, the high stage is set, when the sign is opposite, the
low stage is set. By applying this control strategy, some of the results can
be seen in Fig. 8.b.

The results prove the applicability of this procedure. Recently, a prac-
tical realization of this theoretical investigation has been started. A heavy
truck seat’s suspension will be modified, applying the same actuator as for
the active suspension model, and another servo cylinder is used to generate
the vehicle floor excitation, based on a real vehicle’s motion on a given road
profile.

The driver seat suspension control is not a new topic for investiga-
tion, some adaptive systems can also be bought. These seats usually have
pneumatic suspension, which varies the internal air-pressure according to
the driver’s weight, the road roughness, etc.
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4. Stability Control

The other field of control application investigated by TUB and SZTAKI
is vehicle lateral control, although beyond a certain point (integration of
different control systems in order to achieve better performance, optimal
sensoring) they cannot be separated. Three different fields are being in-
vestigated here: the potentials of the four-wheel steering (4WS), controlled
anti-jackknifing systems, and stability enhancement control for combination
vehicles (such as car—caravan combinations, articulated buses, and heavy
vehicle configurations).

4.1. Four-Wheel Steering Systems

The control logic of the 4WS system can be drawn into the block scheme
in Fig. 2. As seen in Fig. 9, the external inputs to the vehicle system are
the driver’s steering angle, expressing his intention, and a side disturbance,
arising from side wind, for example. Control goal of the 4WS steering system
is twofolded: at low speed to increase the manoeuvrability of the vehicle
by steering the rear wheels in opposite to the front ones, while at higher
speeds to decrease the vehicle lateral acceleration and yaw rate, avoiding
the sliding or spinning-out of the vehicle. The control scheme for this latter

case is shown in Fig. 9.

DRIVER'S
STEERING ! LATERAL

‘ . ~__ ACCELERATION
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Fig. 9. Block diagram of the controlled 4WS system

The controller design procedure is not as obvious as in the suspension
case, since it is not possible to compensate for any perturbation. Although
the driver’s steering angle is shown as external disturbance, the controller
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does not have to attenuate it. There exist several control implementations
as well: (a) the one shown in Fig. 9 is called autonomous control (see in [5]),
where the steering wheel is only a sensor, but it is not linked directly to the
wheels (b) only the rear wheels are steered only by actuators, the front ones
are steered directly by the driver (c) so called additional steering, where the
rear wheels are steered actively, the front ones are mechanically, but some
correction is possible by actuators.

Additional advantage of the active 4WS systems is the ability of com-
pensating for the lateral disturbances, such as a sudden side wind gust. In
this case, possibly without any effort of the driver, the disturbance can be
attenuated by only steering of the rear. wheels, as shown in Fig. 10. This
figure shows also the sensitivity of the 4WS system for some physical vehicle
parameters (rear axle cornering stiffness). This explains the need for robust
control design which was investigated in reference [1].
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Fig. 10. Compensation for side wind disturbance (a) with the nominal model (b)
with uncertain model

4.2. Jackknifing Control in Combination Vehicles

The stability problems of the combination (or articulated) vehicles differs
from that of the single vehicles. There are some typical forms of loosing
stability for articulated vehicles: roll-overn jackknifing and the self-excited
oscillation ‘of the towed vehicle unit. The problem of jackknifing can be
found in both tractor-semi-trailer configurations and articulated buses. This
is very important consideration in the pusher types (whereas the engine is
located at the second unit, and the third axle is driven), since the traction
force produced by the tires on the third axle is transmitted to the front
through the fifth-wheel. When the front and rear units’ angle is larger,



MODERN CONTROL THEORY APPLIED TO VEHICLE DYNAMICS 77

there is a considerable force acting on the hitch in lateral direction (see
Fig. 11), which pushes the second axle out, leading to jackknifing. In this
type of the vehicle this is normal phenomenon, which should be hindered.
However, jackknifing can occur in tractor-semi-trailer vehicles especially
when braking on slippery road. To avoid the jackknifing in this case the
ABS helps a lot until a certain point, but the physical limits cannot be
overcome.

=

Fig. 11. Hitch moment control for articulated bus of pusher type

The key of controlling such a motion in combination vehicles is the con-
trol of the torque Mg in Fig. 11. In articulated buses, where the turntable
provides enough room, either controllable dampers or large diameter disk
brakes are fitted. Both these strategies are semi-active since none of them
is able to introduce additional energy, only dissipate it. Beyond a certain
hitch angle, both systems are locking and do not allow any larger angle,
hindering the jackknifing.

For a tractor—semi-trailer vehicle configuration similar system was in-
vestigated in [3]. As was shown, the semi-active hitch torque control has
shown improvement in the oscillatory behaviour of the trailer, but it was
not able to control the vehicle’s roll motion. Furthermore, for tractor-semi-
trailer it needs additional devices to be installed making the vehicle price
higher at lower benefits.

4.3. Stability Enhancement Control (SEC) of Combination Vehicles

The combination vehicles’ stability can considerably be improved by gen-
erating a stabilizing yaw torque on the towing vehicle unit. This torque
could only be produced by operating the vehicle’s brake on one side or on
the other. The main advantage of this system is that does not need any
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additional actuators and sensors, since the brakes are already installed, yaw
rate, acceleration sensors will be a part of the new generation on-board com-
puters installed on the ECU card. This system is described in [3], [7], [8],
[18]. Fig. 12 shows a car—caravan combination with SEC.

Fig. 12. Car—caravan combination with brake controller

The system has two operation modes:

Mode #1: In this mode the controller is working autonomously, in-
dependent of the driver’s intention. When the combina-
tion of the vehicle state variables exceeds a predetermined
(or adaptive) limit and the vehicle’s motion starts to be
irregular (spinning out, tends to jackknife, etc.) the con-
troller automatically applies the appropriate side brake
on both axles at passenger car, and on the rear axle on
heavy commercial vehicles. The generated moment sta-
bilizes the vehicle’s motion.

Mode #2: This mode operates when the vehicle is being braked. The
system is also able to release the brakes on the appropriate
side. In this mode the controller coordinates the brake
forces and produces stabilizing torque.

Fig. 13 shows the behaviour of a car—caravan combination (a) without
any control, (b) with ABS only, (c) with ABS+SEC, (d) ABS+4WS. As
seen, the ABS+SEC provides the best stability during this combined braking
and turning manoeuvre (braking from 65 km/h on a road surface with p =
0.4) Fuig. 14 depicts the same four vehicles at u-split test (the left hand side
is 4 = 0.9, the right side is 4 = 0.3, braking from 80 km/h). The ABS-SEC
vehicle goes on a straight line, the other three spin out in different extent.
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%

‘a. Passive b. ABS c. ABS + AUBC d. ABS +4WS

Fig. 13. Top views of the combined braking and turning manoeuvre

a. Passive b. ABS c. ABS +AUBC d. ABS + 4WS

Fig. 14. Hard copies of the p-split manoeuvres

5. Summary

In this state-of-art report the research activity of the Systems and Control
Laboratory of the Computer and Automation Institute of the Hungarian
Academy of Sciences and the Department of Road Vehicles, TUB conducted
in the field of controlled vehicle dynamics. In the present state of the re-
search the on-vehicle systems are emphasized, but the first steps are already
done in the direction of the investigations into intelligent highway-vehicle
systems as well.
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